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Total energy calculations of germanium nitride, done at three different phases under extreme conditions
in the b, wII and g structures using the plane-wave pseudo-potential method plus GGA-PBE in the
framework of quantum mechanical density functional theory. Bulk properties such as the equilibrium
lattice parameters, elastic constants and bulk moduli are predicted and compared to available theoretical
and experimental data. g-Ge3N4 could not resistant to thermal shocks due to its brittleness. The ductility
of b-Ge3N4 is larger than that of wII-Ge3N4. The b / wII / g phase transitions are also successfully
predicted. The phase boundary of b / wII transition can be described as
P ¼ 10.80087  8.58508  104T þ 5.00991  106 T2  1.84732  109 T3. Pressure (0e58 GPa) and
temperature (0e1300 K) dependent thermal quantities including the bulk modulus, coefﬁcient of
thermal expansion, entropy, heat capacity and Debye temperature are obtained and analyzed through
the quasi-harmonic approximation, in which the lattice vibrations and phonon effects are taken into
account. Some interesting features can be observed in the temperature range of 300 ~ 1200 K. It is
worthy of note that most of the investigated properties are not reported by previous literatures. Our
calculations need to be veriﬁed by the future experiments.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
It has been experimentally determined that the group IV ni-
trides are excellent candidates for applications in photodiodes, Li-
ion batteries, optical ﬁbers, and rewritable disk memories [1e3].
Due, in particular, to its outstanding physical and mechanical
properties, Ge3N4 can also be used as ceramics, coatings, ampliﬁers,
and LED materials. Ge3N4 has been known since 1930, when the
hexagonal phenacite structure (ground-state b phase, space group:
P63/m) was ﬁrst synthesized by exposing the germanium powder to
the ammonia atmosphere at 973 K [4,5]. Ruddlesden and Popper [6]
have found that the a phase (space group: P31/c) is closely related to
b-Ge3N4, but is generally believed to be a metastable phase under
ambient conditions [7,8]. g-Ge3N4 has been synthesized from the
Ge powders under high temperature-pressure conditions [9] or by
shock-wave compression [10]. Rietveld reﬁnement reveals that g-
Ge3N4 has a cubic spinel structure (space group: Fd3m) [11], where
the germanium atoms occupy the octahedral and tetrahedral sites.
The willemite-II structure was ﬁrst reported as a low-compressibleand Electronic Engineering,
464000, China.
en).
B.V. This is an open access article uphase of C3N4 [12]. Eleven years ago, the willemite-II type Ge3N4
(wII-Ge3N4, space group: I4 3D) has been investigated by Kroll [13].
Ge3N4 is considered to be a better candidate than Si3N4 for
obtaining the wII phase because the transition to higher coordi-
nation states could be easier and may occur at lower pressures in
germanium nitride than in silicon nitride due to the larger ionic size
of Ge [10]. Since Ge3N4 has better mechanical property than its
counterpart Si3N4 [14], it is informative to investigate the high-
pressure behaviors of germanium nitride.
Scientists have determined the crystal structures and atomic
coordinations of b-, wII- and g-Ge3N4 [13,15,16]. Using a mixture of
a- and b-Ge3N4, Leinenweber et al. [16] have synthesized g-Ge3N4
at 14.7 GPa (T ¼ 1080 K) and 12 GPa (T ¼ 1273e1473 K) through the
diamond anvil cell (DAC) technique and the multi-anvil (MA) de-
vice, respectively. The b/ g phase transition has been determined
through the shock wave compression experiment (at 40e46 GPa
and 1300e1500 K) [10]. McMillan et al. [14] have observed the ﬁrst-
order phase transition between the b and d (space group: P3)
phases at 23 GPa and 298 K. They have also predicted the b/ P6
(space group: P6) / d phase transitions at 20 and 28 GPa,
respectively. Wang et al. [17] have found that g-Ge3N4 could retain
its stability up to 69.2 GPa at room temperature. Besides, the crystal
structures [18e24], electronic structures [11,20e22,25] and opticalnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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the best of the authors' knowledge, the phase transition characters
among the b, wII and g phases are not yet accurately determined.
The elastic and thermodynamic properties of these polymorphs are
still under development. The aim of this work is to investigate the
role of phase transitions among b-, wII- and g-Ge3N4 as well as to
understand the underlying micro-mechanism. We also aim at a
complex study of the elastic and thermodynamic properties of
these phases.2. Benchmark calculations
Theoretical calculations based on the density functional theory
[29] were performed by the plane-wave pseudo-potential (PW-PP)
method [30]. The exchange-correlation potential was treated using
the generalized gradient approximation (GGA) [31] of Perdew-
Burke-Ernzerhof (PBE) form [32]. The basis set of valence elec-
tronic states is 2s22p3 for N and 4s24p2 for Ge. Convergence tests
guided the choice of 480, 500 and 500 eV for the cutoff energies of
b-, wII- and g-Ge3N4, respectively. Brillouin zone integrations were
performed on the Monkhorst-Pack k-mesh [33] with grids of
8  8  24 (b-Ge3N4), 11 11 11 (wII-Ge3N4) and 11 11 11 (g-
Ge3N4) for structural optimization, internal coordinate relaxation
and total energy calculation. The self-consistent iterations stop
when the total energy variation between successive ionic relaxa-
tion steps is less than 5  107eV/atom. In the quasi-harmonic
approximation (QHA), the non-equilibrium Gibbs free energy
G*(V; P, T) can be written as [34]
G*

V ; P; T
 ¼ EVþ PV þ AvibqV; T; (1)
where E(V) is the total energy, PV determines the constant hydro-
static pressure condition. Avib is the Helmholtz free energy, which
can be expressed according to the following equation
Avibðq; TÞ ¼ nkT

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where n is the number of atoms per unit cell, q is the Debye tem-
perature. D(q/T) represents the Debye integral of an isotropic solid,
which can be expressed as
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The Gibbs functional G*(V; P, T) can be minimized as follows
vG*

V ; P; T

vV

P;T
¼ 0; (4)
The thermal properties [constant-volume heat capacity Cv,
isobaric heat capacity CP, coefﬁcient of thermal expansion (CTE) a,
Grüneisen parameter g, Debye temperature q and bulk modulus B]
can be obtained by
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where V is the volume, M the mass, T the temperature, P the
pressure, k the Boltzmann's constant, h the Planck constant and f(s)
a scaling function that depends on Poisson ratio s, respectively. The
detailed discussions of QHA can be found in Ref. [34] and references
there in. Some fundamental thermodynamic quantities of Ge3N4
can be predicted through the QHA scheme.
3. Results and discussions
3.1. Crystal structures and elastic properties
We have calculated the crystal structures (lattice constants, in-
ternal coordinates) and elastic properties (elastic constants, bulk
modulus, shear modulus, Young's modulus, Poisson ratio, anisot-
ropy factor) of b-, wII- and g-Ge3N4, as presented in Tables 1 and 2.
The optimized ground-state lattice constants and bulk moduli
are listed in Table 1. As it can be seen in Table 1, our values are in
very close agreement with the existing results. The maximum
relative errors between the calculated lattice constants (internal
parameters) and the experimental data for b-, wII- and g-Ge3N4 are
1.07% (0), 0.23% (0.36%) and 0.92% (4.53%), respectively. This is in
agreement with the fact that GGA is typically overestimate lattice
constants by <2%. The agreement may be an indication of the
capability of ﬁrst-principles calculations to produce accurate re-
sults. Since hardmaterials usually exhibit elevated bulk moduli, the
hardness follows the sequence: b-Ge3N4 > wII-Ge3N4 > g-Ge3N4.
The internal parameter u of g-Ge3N4 is not in agreement with the
value listed in Ref. [16]. The reason for this discrepancy is still un-
clear. However, it should be noted that u¼ 0.2577will cause atomic
collisions in the g-Ge3N4 unit cell.
The Young's modulus E and Poisson ratio s can be obtained by
[39]
E ¼ 9BHGH
3BH þ GH
; s ¼ 3BH  2GH
6BH þ 2GH
; (8)
The usual anisotropy factor for a cubic lattice is the Zener's
elastic anisotropy A. Chung and Buessem have deﬁned a better
parameter A* [40], which can be explained by
A* ¼ 3ðA 1Þ
2h
3ðA 1Þ2 þ 25A
i; A ¼ 2C44=ðC11  C12Þ; (9)
A* is zero for an isotropic crystal. For an anisotropic crystal, A* is
always a single-valued positive quantity regardless of whether
A < 1 or A > 1. For a hexagonal lattice, the Zener's anisotropy factors
can be written as [41]: A1 ¼ A2 ¼ 4C44/(C11 þ C33  2C13) for the
{100} and {010} planes, A3 ¼ 2(C11  C12)/(C11 þ C22  2C12) for the
{001} plane. The percentage anisotropies in compressibility and
shear can be deﬁned as: AB¼ (BV BR)/(BVþ BR) and AG¼ (GVGR)/
(GV þ GR), respectively. According to the Born-Huang's theory
[42,43], the mechanical stability criteria are as follows.
Cubic structure (for wII- and g-Ge3N4) [42]:
C11 >0; C44 >0; C11 >C12; C11 þ 2C12 >0; (10)
Hexagonal structure (for b-Ge3N4) [43]:
C11 >0; C33 >0; C44 >0; C11  C12 >0;h
ðC11  C12ÞC44  2C214
i
>0;
h	
C11 þ C12


C33  2C213
i
>0;
(11)
Table 1
The lattice constants (a and c), internal parameter u, bulk modulus B of the b-, wII- and g-Ge3N4 materials.
b-Ge3N4 wII-Ge3N4 g-Ge3N4
a/nm c/nm B/GPa a/nm u B/GPa a/nm u B/GPa
This work 0.8119 0.3104 178.8 0.6867 0.0275 187.1 0.8288 0.3667 219.7
Calc. 0.7826 [18] 0.2993 [18] 225.0 [18] 0.6852 [13] 0.0276 [13] e 0.8211 [35] 0.3841 [35] 268.6 [35]
Calc. 0.7899 [20] 0.3014 [20] 219.8 [20] e e e 0.5783 [20] e 232.5 [20]
Expt. 0.8038 [19] 0.3074 [19] 218.0 [36] e e e 0.8300 [9] e 296.0 [36]
Expt. 0.8032 [37] 0.3077 [37] 185.0 [38] e e e 0.8212 [16] 0.2577 [16] 295.9 [38]
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moduli (BH, GH, E) agree fairly well with the theoretical results. The
discrepancy between our calculated results and the theoretical
values may be due to different exchange-correlation potentials.
AB ¼ 0 and AG ¼ 0 reﬂect elastic isotropy while the values of 100%
indicate the maximum anisotropies. We found that b-Ge3N4 is
almost an isotropic crystal. For an isotropic crystal the factors A1, A2
and A3 must be one. It can be seen from Table 2 that b-Ge3N4 ex-
hibits weak shear anisotropies in the {100} and {010} planes. The
{100}/{010} shear plane has a stronger anisotropy than the {001}
plane. The wII phase has a litter larger anisotropy than the g phase.
The Poisson ratio shows that b-Ge3N4 has the largest lateral
expansion when compressed. The Young's modulus E and shear
modulus GH of the wII phase are smaller than those of g phase, but
larger than those of b phase. According to the Pugh's rule [44], B/
G > 1.75 represents the ductile behavior of a crystal. Otherwise, the
crystal behaves in a brittle manner. g-Ge3N4 is a brittle material,
indicating that it will not be resistant to thermal shocks. b- and wII-
Ge3N4 behave in ductile manners. The ductility of b-Ge3N4 is larger
than that of wII-Ge3N4.3.2. Phase transitions
Kroll [13] have found that the b phase would directly transform
into the g phase (not into thewII phase). If the spinel g phasewould
not exist or if, by some kinetic reasons, the b/ g transition could
be suppressed, one would observe the b/ wII/ g phase transi-
tions. Fig. 1(a) shows the Gibbs free energy difference
(DG¼ Gb GwII) of thewII phasewith respected to the conventional
b phase. DG increases linearly with applied pressure and gradually
approaches to zero at 10.7 GPa, which indicates that b-Ge3N4 is
more stable than wII-Ge3N4 below 10.7 GPa. Beyond this pressure
DG becomes positive as the wII phase becomes stable. The inter-
section (i.e. DG ¼ 0) reﬂects that the transition pressure of
the/ wII transition is 10.7 GPa at 300 K. At higher pressures, b-
Ge3N4 undergoes a structural phase transition associated with the
sudden changes of atomic positions. The Gibbs free energy differ-
ences of b and g phases with respect to wII-Ge3N4 as functions of
pressures are drawn in Fig. 1(b). The b/wII transformation occurs
at 13.5 GPa and 1100 K. Further compression leads to the wII/ g
transition at 35.7 GPa.
The phase diagram of the b / wII / g phase transitions has
been calculated and plotted in Fig. 1(c). It is clear from Fig. 1(c) that
the transition pressure Pt increases rapidly (wII / g)/slowly
(b/ wII) with the increasing temperature. The results show that
the b/wII transition is little affected by the thermal effect and it is
an almost pure pressure-induced phase transition. The wII / g
curve has a positive slope, which indicates that the high pressure g
phase has a lower vibrational entropy compared with the wII phase
[45]. The predicted Pt of the wII/ g phase transition is 12.5 GPa at
400 K, and it increases to 50.1 GPa at 1300 K. Our calculated cell
volumes of the wII and g phases are 608.52 and 541.24 Å3 (at
12.5 GPa), respectively. According to the Clausius-Clapeyron func-
tion [45], the positive slope of the wII/ g transition means thatthis phase transition is accompanied by the volume shrinkage,
which is in agreement with the ﬁrst-principles results (i.e. the
wII/ g phase transition is accompanied by a volume shrinkage of
11.1%). By ﬁtting the PeT data to the third-order polynomial, the
phase boundaries can be written as:
P ¼ 10:80087 8:58508 104T þ 5:00991 106T2
 1:84732 109T3; ðb/wIIÞ (12)
P ¼ 5:80388þ 6:673 102T  6:85793 105T2 þ 3:85159
 108T3; ðwII/gÞ
(13)
Unfortunately, as far as the authors know, there are no experi-
mental or theoretical data available related to the b / wII / g
phase transitions for our comparison. Therefore, this work implies
the structural stability towards Ge3N4.
In order to show the reliability of our calculation, we have
investigated the ﬁrst-order b/ g phase transition, as illustrated in
Fig. 1(d). At 1200 K, the calculated Pt of the b / g transition is
14.26 GPa. Experimentally, the transition pressures are scattered
from 12 to 40 ~ 46 GPa [46]. Our result agrees well with the results
obtained by Leinenweber et al. [16] [Using a mixture of a- and b-
Ge3N4, they have synthesized g-Ge3N4 at 14.7 GPa (1080 K) and
12 GPa (1273e1473 K) through the diamond anvil cell technique
and the multi-anvil apparatus, respectively]. The agreement be-
tween our result and Leinenweber's data has partially proven the
validity of our calculation. In the following, considering the phase
diagram, we investigate the thermodynamic properties of the b, wII
and g phases over wide pressures and temperatures ranges.3.3. Thermodynamics properties
Fig. 2(a) shows the volume coefﬁcient of thermal expansion a(V)
of b-Ge3N4, from which it can be seen that a(V) increases dramat-
ically at a constant temperature particularly at 0 GPa when
T < 400 K. The temperature and pressure effects are signiﬁcant.
When T > 400 K, the CTE gradually approaches to almost linear
increases. The rate slows down when the pressure is enhanced,
which means that the temperature dependence of a(V) becomes
smaller at high pressures and high temperatures. When the tem-
perature is ﬁxed, a(V) at 0 GPa is much larger than that at 10 GPa.
Fig. 2(b) illustrates the pressure dependence of a(V) for b-, wII- and
g-Ge3N4. One can see that the a(V) of b-Ge3N4 (g-Ge3N4) decreases
rapidly (moderately) with the increase of pressure. The a(V) of wII-
Ge3N4 demonstrates a ﬂat behavior, which indicates that the
pressure effect on a(V) of the wII phase is not important. Under
ambient conditions, the calculated CTE of b-, wII- and g-Ge3N4 are
1.43  105/K, 0.09  105/K and 1.58  105/K, respectively.
The constant-volume heat capacity Cv versus temperature for b-
Ge3N4 is plotted in Fig. 3(a). At 0 and 10 GPa, the Cv curves are very
similar in appearance and are both proportional to T3 when
T < 300 K. Then, the increasing tendency of Cv becomes smaller. At
Table 2
Calculated elastic constants Cij (GPa), bulk modulus BH (GPa), shear modulus GH (GPa), Young's modulus E (GPa), Poisson ratio s, anisotropy factors A, A*, A1, A2, A3, AB and AG for
b-, wII- and g-Ge3N4.
b-Ge3N4 wII-Ge3N4 g-Ge3N4
This work This work Calc. [18] This work This work Calc. [36]
C11 ¼ 287.1 s ¼ 0.296 C11 ¼ 364.3 C11 ¼ 266.4 C11 ¼ 367.6 C11 ¼ 395.1
C12 ¼ 142.0 AB ¼ 0.001 C12 ¼ 184.9 C12 ¼ 147.4 C12 ¼ 145.7 C12 ¼ 165.4
C13 ¼ 119.4 AG ¼ 0.009 C13 ¼ 111.7 C44 ¼ 148.6 C44 ¼ 222.9 C44 ¼ 234.5
C33 ¼ 277.7 A1 ¼ 1.216 C33 ¼ 486.3 BH ¼ 187.1 BH ¼ 219.7 BH ¼ 242.0
C44 ¼ 99.1 A2 ¼ 1.216 C44 ¼ 80.4 GH ¼ 102.9 GH ¼ 168.5 GH ¼ 176.2
BH ¼ 179.1 A3 ¼ 0.999 e E ¼ 260.9 E ¼ 402.6 E ¼ 452.4
GH ¼ 84.7 e e s ¼ 0.268 s ¼ 0.195 s ¼ 0.188
E ¼ 219.5 e e A* ¼ 0.097 A* ¼ 0.057 A* ¼ 0.059
BH/GH ¼ 2.12 e e BH/GH ¼ 1.82 BH/GH ¼ 1.30 BH/GH ¼ 1.37
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and Cv gradually tends to the Dulong-Petit's classical limit 174.5 J/
mol$K (3 R for monoatomic material [47]). It can be clearly seen
that the heat capacities increase with the temperature at a givenFig. 1. Gibbs free energy difference GbeGwII as a function of pressure at 300 K (a); the Gibbs
applied external pressure at 1100 K (b); TeP phase diagram of Ge3N4 (c); the Gibbs free en
Fig. 2. Coefﬁcient of thermal expansion (CTE) of b-Ge3N4 as a function of temperature frompressure and decrease with the pressure at a constant temperature.
Besides, the temperature inﬂuence on Cv is much more signiﬁcant
than that of pressure on it.free energy differences of b and g phases with respect to the wII phase as a function of
ergies of b- and g-Ge3N4 at 1200 K (d).
0 to 10 GPa (a); pressure dependence of CTE for b-, wII- and g-Ge3N4 at 1100 K (b).
Fig. 3. Temperature dependence of the heat capacity Cv of b-Ge3N4 (a); Temperature dependence of Cv (b) and pressure dependence of CP (c) for b-, wII- and g-Ge3N4.
Y. Luo et al. / Computational Condensed Matter 1 (2014) 1e7 5From Fig. 3(b), the heat capacity of b-Ge3N4 is the highest fol-
lowed by wII-Ge3N4, g-Ge3N4 possesses the least. Both crystal
structure and atomic vibration of the hexagonal b-Ge3N4 are more
complex than the cubic wII- and g-Ge3N4 structures which leading
to higher Cv of b-Ge3N4. Besides, the curves in Fig. 3(b) are very
similar to those drawn in Fig. 3(a). Fig. 3(c) shows the computed
pressure dependences of the isobaric heat capacity CP. At 1200 K
(500 K), the b/ wII and wII/ g phase transitions involving two
discontinuities in the curves take place at 13.8 (11.3) and 41.3 GPa
(14.9 GPa), respectively. CP decreases moderately with applied
pressure, but the rates are different. As drawn in Fig. 3(c), the
variations of CP with pressure are trivial for the wII phase. The
computed heat capacities Cv (CP) of b-, wII- and g-Ge3N4 at ambient
conditions are 134.2 (135.3), 127.7 (127.8) and 128.9 J/mol$K
(130.3 J/mol$K), respectively. These results can serve as a ﬁrst study
of the heat capacity for Ge3N4 to be checked out by future
experiments.
In Fig. 4(a), we depict the results of how the entropy varies in the
temperature range of 0 ~ 1200 K. The current investigation
demonstrated that the lattice entropy behaves with strong tem-
perature dependence. Below 100 K, the three curves are essentially
indistinguishable. Then, the entropies are variable by power
exponent with the increasing temperature. When T > 300 K, the
entropy curves increase moderately as the temperature increases.
This is understandable because the phonon frequencies should
increase with the increasing temperature. The increasing trend of S
for g-Ge3N4 is slower than b-Ge3N4, but faster than wII-Ge3N4. At
0 GPa and 300 K, the calculated entropies of b-, wII- and g-Ge3N4
are 104.9, 92.9 and 95.1 J/mol$K, respectively.
Fig. 4(b) demonstrates the bulk modulus variations with the
pressure. In Fig. 4(b), we can see that both T and P affect the bulk
modulus. B decreases with the temperature at a given pressure and
increases with the pressure at a ﬁxed temperature, indicating the
almost same effect on Ge3N4 by increasing the P and decreasing the
T. Obviously, B is more sensitive to the pressure than to thetemperature. The compressibilities of b- and g-Ge3N4 increase as
the temperature increases at a constant pressure and decrease with
applied pressure at a given temperature. Besides, the bulk modulus
of wII-Ge3N4 is fairly constant. More importantly, the QHA bulk
moduli agree well with the PW-PP bulk moduli (see Table 1). We
also compare our calculation with the experimental data [36,38]. A
good agreement is found between the calculated results and the
experimental data.
It is well known that the Debye temperature is a fundamental
parameter which is closely related to speciﬁc heat, CTE and melting
temperature. Additionally, the variation of q as a function of pres-
sure at 1100 K is displayed in Fig. 4(c). As expected, the Debye
temperature increases monotonically with applied pressure. This
curve shows two abrupt changes around 13.4 and 35.7 GPa, which
are also believed to be due to the phase transitions. With the
pressure increasing, the q of b- and g-Ge3N4 are almost linearly
increasing. The q of wII-Ge3N4 nearly keeps constant when the
pressure is enhanced, which reveals that the thermal frequencies of
different atoms changewith pressure. These results agree well with
the bulk moduli results because it is well known that the Debye
temperature is proportional to the bulk modulus and that hard
materials usually exhibit elevated q. Under ambient conditions, the
calculated Debye temperatures (bulk moduli) of b-, wII- and g-
Ge3N4 are 708.3 (169.9), 776.1 (209.9) and 763.7 K (214.9 GPa),
respectively. Unfortunately, we do not have a value of q for Ge3N4 in
the literature. The calculated q for the cubic SiGe2N4 material is
1079 K [48], which is in agreement with our result (763.7 K)
consider the fact that Si is harder than Ge.
4. Conclusions
The ﬁrst-principles PW-PP method is applied to investigate the
elastic moduli, thermal properties and phase transition characters
of Ge3N4. Speciﬁc attention is given to the wII and g phases due to
the lack of experimental data and the fact that the thermodynamic
Fig. 4. The temperature dependence of entropy S (a); pressure dependences of bulk modulus B (b) and Debye temperature q (c) for b-, wII- and g-Ge3N4.
Y. Luo et al. / Computational Condensed Matter 1 (2014) 1e76properties of these polymorphs have not been successfully
modeled with ab initio methods previously. The calculated lattice
constants and elastic constants are in reasonable agreement with
the experimental results. g-Ge3N4 is a brittle material, indicating
that it will not be resistant to thermal shocks. The b and wII phases
behave in ductile manners. The ductility of b-Ge3N4 is larger than
that of wII-Ge3N4. Thermal-elastic properties such as bulkmodulus,
heat capacity, CTE, entropy and Debye temperature are obtained at
ﬁnite temperature (<1300 K) and pressure (<58 GPa). It is found
that the higher temperature leads to a smaller bulk modulus, a
larger heat capacity, a higher entropy, a smaller Debye temperature
and a larger CTE for each phase. The variations of Debye tempera-
ture reﬂect the changeable vibration frequency of atoms in Ge3N4.
The critical pressure of b / wII phase transition is 10.7 GPa (at
300 K). The phase boundaries of the b/ wII/ g transitions are
also predicted. A number of interesting features can be observed in
the thermal properties above 300 K. To the best of our knowledge,
most of the investigated parameters have not been reported by
previous researchers and would be helpful for the future experi-
mental and theoretical explorations.
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